. be a dead-end product. The data suggest a rational strategy to achieve the complete red chromophore maturation utilizing substitutions to favor the formaResults tion of the neutral phenol in GFP-like chromophore. Our approach to detect the neutral chromophore form
tion (
). DsRed-AG4 contained negligible amounts of both B and R forms, which supports their mutual dependence hypothesis.
We further tested the influence of temperature and pH on maturation process. DsRed-E5NA mutant was selected because of its strongly pronounced G peak. Final absorption spectra for DsRed-E5NA, incubated at different temperatures in the course of maturation, showed different ratios of G and R forms ( Figure 2C) . The portion of G peak was minimal in the protein sample maturated at room temperature, while both decreased and increased temperatures resulted in the significant growth of the G form content. No changes in the G to R form ratio were observed, even after prolonged incubation of these samples at room temperature. DsRed-E5NA protein samples that were maturated at pH 5.5 or 11.5 contained larger amounts of G form as compared to the neutral pH conditions (not shown). These results could be interpreted as follows. The complex pathway for the red chromophore formation requires precise disposition of the catalytic groups [13, 14] and therefore it should be more sensitive to some external perturbations as compared to the less complicated GFP-like chromophore synthesis. That is why nonoptimal temperature or pH conditions resulted in the formation of green chromophore rather than red.
Next, we studied refolding of mature DsRed-E5NA. After denaturing the sample at pH ‫,0.3ف‬ the acidity was immediately adjusted to pH 5.5 and after 1 hr incubation to pH 8.0. Thus, protein refolding occurred under mild acidic conditions, which favored the appearance of protonated chromophore state. The following incubation at neutral pH allowed us to store the protein under optimal conditions. We have found that absorption spectrum of The second mutant was DsRed-AG4 (substitutions folding and cyclization of the chromophore-forming tripeptide are significantly faster in GFP-like proteins than V71M, V105A, S197T), which exhibits green fluorescence only [28] . Absorbance spectrum of DsRed-AG4 the subsequent chromophore oxidation step [30], we have limited our kinetic analysis to the processes followfeatured a single peak at 480 nm throughout its matura-ing cyclization. Four different kinetic models, (i)-(iv), were sequentially applied, assuming irreversibility of conversions for the spectral forms. Chromophore formation in the models was initiated from a spectrally undetectable C form, which represents cyclized chromophore-forming tripeptide in reduced and, therefore, colorless state. In model (i), C form is converted into either B form or G form. B form then turned into R form. In model (ii), C form is converted only into B form, which then was able to turn into either G form or R form. Although both these models described time courses for the forms B, G, and R similarly to that observed experimentally (i.e., as bell-shaped, hyperbolic, and sigmoid curves, respectively), the quality of fits for B and R forms was unsatisfactory. Therefore, we next tested models (iii) and (iv), representing modified versions of the (i) and (ii) schemas, respectively, with an intermediate I form introduced between the B and R forms. Both (iii) and (iv) fitted the experimental data significantly better. However, because our data suggested the transition between the B and G forms (see above and Figure 2D ), we have finally selected model (iv) (Figure 1B, inset , respectively. In DsRed, the B→I and B→G steps are at least 20-fold faster than the C→B and I→R reactions. Moreover, the I→R reaction seems to be a limiting step for the DsRed1 red chromophore formation, resulting in the long-living intermediate I form. In contrast, in DsRed-E5NA, the C→B reaction is the fastest step, and the B form is the long existing one. Finally, it is worth noting that current spectroscopic data do not provide insight into the nature of the intermediate I form, although it may represent neutral state of the R form or a hydroperoxide adduct; the latter has been suggested to be involved in the final DsRed chromophore oxidation step [14] .
Fluorescent Properties of the Chromophore Forms
Fluorescence spectra for G and R forms of the wildtype DsRed protein and its mutants are well documented 
Light Sensitivity of the B Form
In the course of the experiments described, we noticed sensitivity of the B form to the illuminating light. Illumination through the 100ϫ objective at DAPI channel using a powerful 175 W Xenon lamp for more than 10 s resulted in a detectable decrease of the blue and the respective increase in red fluorescence. We studied this lightinduced B→R transition for DsRed1 in detail. First, action spectrum of this transition was determined, in which we measured the relative increase in the red fluorescence of overnight grown E. coli colonies expressing DsRed1 after irradiation at the different wavelengths ( Figure 5A ). We found that two wavelengths, 410 and 380 nm, are most effective for the light-induced conversion. Finally, we studied the correspondence of the lightinduced conversion to light intensity at the fixed wave- True amounts of each spectral form can only be estiof the green-emitting chromophore, which never converts into red chromophore. Within the old concept, this mated from absorption spectra. In the present work, we showed that the B form is the intermediate while both fact was perplexing. Therefore, it was proposed that the transformation of green to red chromophore could occur G and R forms are the terminal ones. The changes in the DsRed absorption spectra have been described by at some stage of protein folding process only [19] . Also, it was suggested that the equilibrium between green Wiehler and coworkers [18] . However, based on logically incorrect normalization of all spectra to the red absorpand red DsRed chromophores was due to reversibility of the final oxidation step or reversible hydratation of tion at 558 nm, the authors have made an incorrect [14] or simply the protonated state of the red chromophore.
Particular attention should be paid to relations between neutral and anionic chromophore states. We aver that there is no equilibrium between the neutral and the anionic states of the GFP-like chromophore in DsRed, although in other proteins it could exist. In other words, in DsRed the G form does not convert back into the B form. Otherwise, we would observe slow transformation of the G peak into the R peak that has never been detected even after prolonged storage of DsRed and its the Tyr67 displacement only, and this is a time-depenYarbrough and coworkers suggested that the crucial dent process. Therefore, the observed B→G transition step in the oxidation of a GFP-like intermediate into reflects the formation of the chromophore environment, mature DsRed chromophore is the deprotonation of the which irreversibly stabilizes the anionic state. The similar ␣C of Gln66, resulting in the formation of a highly reactive stabilizing network possibly appears after the red chrocarbanion [14] . On the other hand, calculation of atomic mophore formation. charges for the GFP chromophore has shown a signifiOur data allow for the suggestion of a novel interpretacant charge difference on the correspondent carbon tion of some DsRed mutagenesis results and a rational atom in the anionic and neutral states [34]. In the anionic design strategy to achieve the full maturation of the red chromophore this carbon is almost uncharged, while in chromophore. The amino acid mutations described to the neutral chromophore it carries a significant negative favor the formation of the protonated chromophore's charge (Ϫ0.39) and its proton has a positive charge phenolate would improve the maturation of red fluores-(ϩ0.22). Consequently, these partial charges should cent proteins. Indeed, several substitutions at positions greatly decrease the activation energy required for the 163 and 197 close to the chromophore, such as K163M, proton abstraction and carbanion formation. Therefore, K163Q, S197I, S197A, and S197Y, found originally by the scheme outlined in Figure 7 Recently, Ando and coworkers have described a photocomponent in the excitation spectrum [36] .
As compared to DsRed, its mutant E5NA contains convertible fluorescent protein, Kaede, from the stony coral Trachyphyllia geoffroyi [11] . This protein forms its larger amounts of the G form. Thus, its key substitution, S197T, should support formation of the deprotonated mature red chromophore from the neutral GFP-like chromophore with an absorption maximum at 380 nm only green chromophore. Because Ser197 lies in the closest proximity to the chromophore's phenolate oxygen but in response to irradiation with 350-400 nm light. Redemitting chromophore within Kaede is formed as a result is turned away from the chromophore [14] , there is no H bond between Ser197 and chromophore's phenolate.
of an unusual cleavage of the protein backbone between the amide nitrogen and the ␣C carbon of His62 (this It can be proposed that due to tight residue package within DsRed, the larger Thr197 adopts a conformation residue corresponds to Gln66 in DsRed) and subsequent formation of a double bond between ␣C and ␤C of His62 where its OH group forms an H bond with the chromophore, thus stabilizing its deprotonated state.
[ To measure temperature dependence, immature DsRed-E5NA promarkers could be significantly accelerated. Soon after tein sample was divided onto five tubes, and each of them was incubated at a defined temperature (4ЊC, 22ЊC, 37ЊC, 50ЊC, or 65ЊC) . the expression start, the red fluorescence is weak, so 
